This paper is concerned with the application of a Physics of Failure (PoF) methodology to assessing the reliability of Micro-Electro-Mechanical-System (MEMS) switches. Numerical simulations, based on the finite element method (FEM) using a sub-domain approach, were performed to examine the damage onset (e.g. yielding) due to temperature variations and to simulated the crack propagation different kind of loading conditions and, in particular, thermal fatigue. In this work remeshing techniques were employed in order to understand the evolution of initial flaws due, for instance, to manufacturing processes or originated after thermal fatigue.
Introduction
Physics of Failure (PoF) methodologies have become recently reliable tools for evaluating the risks of failure of micro electro mechanical system (MEMS). For this reason the Polynoe Programme is committed at improving the understanding, the modelling and the prediction of the reliability of MEMS switches through a PoF approach [1] . Typical failure modes observed in MEMS devices and their packages include fatigue, interface delamination, and die cracking. In particular, delamination is a condition that occurs when a materials interface loses its adhesive bond. It can arise as the result of fatigue induced by the long term cycling of structures with mismatched coefficients of thermal expansion. The effects of delamination can be catastrophic and the loss of mass might modify the mechanical characteristics, e.g. resonant frequency of a structure [2] . This research aims, firstly, to understand the effects of temperature variations as a possible cause of damage, such as yielding in the metal layers, and subsequent failure (e.g. interfacial delamination, fracture) in multilayered MEMS packages. The particular MEMS switches considered in this work are DC switches, but the methodology is applicable to a range of devices manufactured using similar technology. However, the construction of full finite element models of MEMS devices, such as DC MEMS switches, which are detailed enough to accurately resolve the stresses within each region of the model is difficult due to their complex geometry. In general, simulation of full scale models of the MEMS structures describe the device behaviour under different loading conditions and neglect the determination of localised (internal and external) stress/strain [2] , which might trigger various modes of failure such as interfacial delamination, fracture, etc. Hence, an accurate determination of local stresses can be achieved by the use of a representative sub-domain in which the effect of the global stress/strain field at the local micro-structural scale of the device can be computed more accurately [3] . The sub-domain adopted in this study is three-dimensional (3D), with the aim of achieving an accurate and realistic tri-axial stress/strain distribution within the FE model. This methodology allows a detailed understanding of the effects of thermal loading conditions on the stress/strain distribution at micro-structural level and in particular near the materials interfaces [4, 5] . The second part of this study aims to simulate the crack evolution in metal layers in which the high stress gradients, due to the material mismatch, might lead to inter layer damage with the presence of cracks. An automatic adaptive remeshing technique was already implemented successfully by Maligno et al. [6] to model 3D crack growths. In this paper a conceptual model is presented for a software framework, based on the remeshing tool Zencrack combined with the widely used commercial FE code ABAQUS, which allows effi-
MEMS Switch Description

DC Switch Presentation
The MEMSCAP DC switches are bi-stable and consume no power in either ON or OFF position. The actuators (Figure 1 ) are modified form of a thermal actuator, which is commonly known as "heatuator".
The "heatuator" is a U-shaped (Figure 2 ) structure that uses differential thermal expansion to achieve motion along the wafer surface [1] . When a voltage is applied to the terminals, current flows through the device. However, because of the different widths, the current density is unequal in the two arms.
This leads to a different rate of Joule heating in the two arms, and thus to different amounts of thermal expansion. The thin arm is often referred to as the hot arm, and the wide arm is often referred to as the cold arm. In this design the "cold" beam, which is used to carry the electrical signal, is electrically isolated from the "hot" beam, which is actuating the switch. In order to make a latching switch, two such beams are used. The switch is fabricated in the "open" position and in order to close the switch an appropriate switching sequence, i.e. heating sequence of the two actuators, is performed. 
3D Finite Element Modelling
Micromechanical Model
A simplified numerical model of the MEMS switches used in the Polynoe Programme is shown in Figures 3  and 4 [1] . Nevertheless, to achieve reliable and detailed information about the effects of thermal changes within the multilayered structure, the numerical model shown in Figure 1 is not suitable. In fact, very large numbers of nodes are required in the mesh to detect the failure onset (e.g. yielding). Therefore, a sub-domain approach has been preferred to a full scale model.
The sub-domain used in these studies in order to examine the effects of thermal variation in the MEMS structure and, in particular, to estimate the life of the metal layers is depicted in Figures 5 and 6 .
Although the numerical model is particularly simple, it allows the use of great details. In fact, it is possible to employ a mesh with a large number of solid brick elements (more than 300,000) with a quadratic interpolation in order to detect, as accurately as possible, the yielding onset in the metal layers and brittle failure within the non-metallic substrate. Finally, the application of various boundary conditions consents the determination of stress/ strain fields in vital regions of the multilayered MEMS structures and to avoid the implementation of more complex FE models to reach similar or even less accurate results. The FE model has been developed by assuming an ideal Si (100) layer of 20 m [7] with uniform material properties. The non-metal layers are forced to undergo the same average displacement u along the x-axis (face B1 in Figure 5 ) and y-axis (face B2 in Figure 5 ). The average displacement u can be expressed by the following equation:
where  is the non-metal region of the sub-domain of the MEMS (grey area in Figure 5) . Therefore, the kinematic constraint in  are:
where u x and u y are the displacement along the x-and yaxes respectively and W is the width of the representative sub-domain along the x-and y-axes. The bottom face at z = 0 is constrained along the z-axis. Symmetric boundary conditions are applied in the planes at x = 0 and y = 0, therefore the displacements are:
The top face at z = H, is free to move on the z-direction. The faces A1 and A2 in the metal regions, ideally, undergo an average displacement U i  (I = number of metal layers). The average displacements U i  can be expressed by the following equation:
where  i are the metal layer regions of the sub-domain. However, the layers of different materials are assumed to be perfectly bonded together at their interfaces and, because of their different coefficients of thermal expansion, the distorted shape is different from the ideal configuretion (Figure 7(a) ). A more realistic deformed shape is shown in Figure 7(b) .
In FE results presented in Maligno et al. [7] have highlighted that these boundary conditions represent a critical configurations especially in the plating base where damage is to be expected due to the effect of a highly localised stress/strain field.
Materials
Metal multi-user MEMS processes (MetalMUMPs) provide a procedure for constructing micro devices [8] . The metal part of the sub-domain is composed of three layers, i.e., plating copper base (0.55 μm), electroplated nickel (20 μm) and a top layer of gold (0.5 μm), as shown in ) with the temperature for the nickel are [9] [10] [11] [12] [13] [14] :
2) (T) = 13 × 10
The nickel layer undergoes a linear kinematic hardening material behaviour and the kinematic strain hardening rate H (i.e. the slope of the uniaxial stress-strain curve beyond yielding) has been experimentally evaluated to be 4 GPa (2%). For the plating copper (Cu) base, the material properties of the passivated copper films and the kinematic hardening model been considered. The linear dependence of initial yield strength with temperature can be described by the following relationship [17] :
where  y is the initial yield strength, T is temperature, and  0 and T 0 are reference constants. For passivated copper films, reliable results have been obtained with  0 = 305 MPa, T 0 = 1090 K and H = 77 GPa [12] . For the thin gold layer an elastic-perfectly plastic constitutive model has been adopted to simulate the material behaviour. The materials properties obtained by several sources, e.g. [9] [10] [11] [12] [13] [14] , are summarised in Table 1 .
Loading Conditions for Thermal Fatigue Analysis
In the present analysis, the temperature cycle applied to estimate the life of the multilayered sub-domain under the described boundary condition is:  Cyclic thermal loading: from 0˚C to 150˚C. Moreover, effects of residual stresses arising during manufacturing processes were considered. In fact, electroplated metal thin films comprising nickel, copper and gold are commonly used for micro-electromechanical systems (MEMS) as they provide a simple technology with superior material properties and device performances. It is known that the microstructure and mechanical properties of a plated thin film depend upon the plating conditions such as temperature, concentration and current density [15] . Thus, in this study, an attempt to understand the effect of temperature on residual stress build-up has been investigated. Although electroplating processes, in general, take place at relatively low temperatures (140˚C) [8] other manufacturing process, such as packaging, might reach higher temperatures [2] . In Maligno et al. [7] was shown that, in general, starting from temperatures of circa 80˚C, yielding processes are likely to occur in the plating base (Cu layer). Therefore, to take into account the effect of the fabrication process, the loading conditions include a thermal cooling from 100˚C to 0˚C followed by a cyclic thermal loading from 0˚C to 150˚C. The thermal cooling has been applied to each layer of the MEMS structure. Moreover, the metal and non-metal layers undergo the same time-independent cooling rate. The materials are assumed to be stress free. The total induced strain of the layers due to thermal cooling can be expressed as:
where d ij is the total strain increment, α(T) the thermal expansion coefficient which is dependent on the temperature, dT the temperature change and  ij is the Kronecker delta.
Loading Conditions for Delamination Analysis
The crack propagation studies are based on the linear elastic fracture mechanics (LEFM) approach. The subdomain used in the fracture mechanics studies has been slightly modified (Figure 8 ) by adding a portion of a cantilever beam of DC MEMS switches ( Figure 6 ). The use of a modified numerical model was necessary to avoid conflicts during the remeshing procedure which caused distorted elements. This was due to the addition of several extra nodes on the faces placed on the plane of symmetry-2 and on face A2 and B2 ( Figure 5) . In the present analysis, initially two temperature variations have been applied in order to investigate the effect of the boundary conditions on failure onset within the multilayer sub-domain, namely:  Cyclic thermal loading: from 0˚C to 150˚C.  Cyclic thermal loading: from -55˚C to 150˚C. Also, a cyclic displacement in the z-direction has been superimposed to the cyclic thermal load to take into account the higher strains measured in the plastic FE analyses and, mainly, to consider the displacements of the cantilever beam during the DC MEMS switches functioning life, as described in the MEMS mission profiles.
Two different displacements have been applied:  Axial Displacement (z-direction): 0.1 m and 0.0033 m (Figure 8(a) ).  Bending Displacement (z-direction): 0.1 m and 0.0033 m (Figure 8(b) ).
The value of 0.1 m has been observed during the non-linear numerical analyses and it is has been applied in this study to understand whether the structure is able to withstand such a high displacement with minimum damage. The value 0.0033 m, which corresponds at circa 0.6% of the copper film thickness, represents the maximum axial displacement that should be allowed in proximity of the anchorage region during operational service.
Local Stress Analysis
Yielding is detected at the temperature of approximately 65˚C in the copper plating base. The FE analyses have shown that the applied loading and boundary conditions are of vital importance on the yielding onset. The Cu plating base undergoes severe stress concentration at the interface with the silicon. Due to the effect of the highly stiffer non-metallic substrates the Cu film shows only totally negligible displacement at the Cu/silicon interface. The high interfacial stresses generate the initial yielding onset and, a probable, successive interfacial delamination. The trend of the von Mises and Tresca stresses along the edge of the sub-domain are shown Figure 9 at Cu/silicon interface. FE results have proven that the Tresca failure criterion is more conservative (circa 13.5%) than the von Mises criterion. According to the two failure criteria the corner of the sub-domain at the Cu/silicon and the edges of the Cu thin film, at Cu/silicon interface, are particularly at risk of failure. The Cu/Ni interface displays lower levels of stress (at the same temperature) and no yielding has been detected within the gold (Au) and nickel (Ni) film layers (Figure 10 ).
Thermal Cycle Analysis
Critical combinations of thermal loadings and boundary conditions might lead to damage (such interfacial delamination) in MEMS packages. The analyses have shown that the most critical area is represented by the thin copper plating base and in particular at the interface with the polysilicon in which high stress gradients arise. Similar results have been reached by research partners within the Polynoe programme, which investigated, experimentally and numerically, the multilayered structures under temperature cycling. High stress is localised in the copper anchor of the suspended beams as shown in Figure 11 which represents a particularly vulnerable region of the MEMS switches.
For that reason, it is paramount that FE analyses aims to asses the life of copper layer under the described thermal loading conditions.
Coffin-Manson Rule
To estimate the thermal fatigue life of the copper plating base, the Coffin-Manson relationship of the form [15] has been adopted:
where  pl is the plastic strain amplitude, c is known as the fatigue ductility exponent, that in general varies from -0.5 to -0.7 for metals, (2N f ) is the number of strain reversals (cycles). The ductility ( f ) of copper is smaller than the ductility of bulk copper [15] [16] [17] [18] . Thus, in this study a ductility of 20% [15] has been assumed. Reliable strain changes in the Coffin-Manson rule can be obtained from multiple thermal cycles calculations since the metal layers undergo complex plastic deformation. These temperature cycles are illustrated in Figure 12 . The cycles between 0˚C and 150˚C are repeated until the change in the magnitude of the plastic strain reaches a steady-state value (Figure 13) . At the present stage of this research five cycles have been simulated. The equivalent plastic strain 
where pl ε  represents the plastic strain rate tensor. The plastic strain magnitude p is defined by:
where  pl is the plastic strain tensor. Both are scalar measures of the accumulated plastic strain. For proportional loadings, the measures should be equal [19] . Nevertheless, for loading with reversals, the equivalent plastic strain will continue to increase if the plastic strain rate is non-zero (regardless of sign). Therefore, plastic strain magnitude [19] is the favourite measure to estimate the life of the copper film. The plastic strain magnitude has been evaluated in critical areas of the sub-domain (e.g. at the Cu/polysilicon interface) in which delamination or fracture initiation are expected to take place.
Fatigue Life Estimation
Two set of analyses were performed, namely: non-residual stress analysis and residual stress analysis. In these analyses no time dependant behaviour of the materials was introduced. The results of the analyses for two extreme values of the parameter c are presented in Tables 2  and 3 .
The comparison of the results in Tables 2 and 3 show a beneficial effect of the residual stress in the overall life estimation of the sub-domain. In fact, the manufacturing processes cause the warped shape of the copper plating base after the cooling process (Figure 14) and, in a residual stress/strain field. The application of thermal cycling loading (with an initial increasing temperature) tends to lessen this warping (Figure 15 ) and consequently the residual stress field. 
FE Modelling of Automated Crack Growth
In the delamination mechanics theory applied to film and multi-layers, of particular interest are the Mode-I cracking in films/layers driven by stress gradients. Therefore, the evaluated high stress gradient present in the copper plating base are likely trigger a Mode-I crack in the thin layer which could propagate within the structure and, eventually, lead to the drastic failure of the MEMS devices. The purpose of this research was to understand the crack behaviour in thin films such as the copper plating base and, mainly, to understand the effect of the temperature variation on the crack evolution. In order to simulate the fatigue crack propagation in multi-layered MEMS structures, the software Zencrack in combination with the FE code ABAQUS was used. In this research the software has been modified by introducing new algorithms to describe, as accurately as possible, crack evolution in thin films and to avoid mesh and structural distortion during the remeshing. The interfacial fracture toughness of the copper has been adopted as the reference parameter to evaluate the catastrophic failure (e.g. delamination) of the copper film. The interfacial fracture toughness of the copper, used in this study, ranges from 0.4 to 2.61 J/m 2 [20] . These values take into account the material properties of copper at micro-level and, in particular, different grain sizes.
Crack Growth Criteria
In order to predict linear elastic fracture mechanics (LEFM) crack growth using FE method, three basic parameters are required: stress intensity factors (SIF), crack propagation direction (CPD) and crack growth material models, for example, the Paris equation [21] . There are several approaches to calculating SIFs such as: the crack tip opening displacement (CTOD) approach [22] , the crack tip stress field approach [23] and the SIF extraction method from J-integral [24] . In the present work the SIFs are extracted from the J-integral using the method of Asaro and Shih [25] , based on the following equation:
where
The quarter-point node technique is used by Zencrack to model the crack-tip singularity. Under mixed mode conditions it is necessary to introduce an equivalent stress intensity factor, K eq , considering Mode-I, II and III simultaneously. Several formulae have been proposed for K eq and the most commonly used expression is:
In order to determine new crack front positions, the CPD must be computed. There are several CPD criteria available: the minimum strain density criterion, the maximum circumferential stress criterion and the maximum energy release criterion. The maximum energy release rate criterion or the G-criterion has been adopted in these investigations. The G-criterion states that a crack will grow in the direction of maximum energy release rate.
The CPD,  =  o , is then determined by:
Numerous numerical techniques can be used to compute G such as the path independent J-integral [24, 25] and the virtual crack extension (VCE) method [26, 27] . The VCE method, which was already successfully employed in Maligno et al. [6] , was also applied in this research.
Virtual Crack Extension Directions
To determine the crack direction a "normal plane" can be defined at any node on a 3D crack front. This is a plane that is orthogonal to the crack front tangent at the node. A series of virtual crack extensions in the normal plane will produce a distribution of energy release rates. This is shown schematically in Figure 16 as energy release rate values G 1 to G 7 . At some angle to the local crack plane the energy release rate will be a maximum. G max denotes this maximum energy release rate. The value of G max and the corresponding angle is calculated for use in crack growth prediction.
Adaptive Remeshing Method
A crucial problem in 3D fracture mechanics is related to mesh generation for the FE analysis. The approach that has been adopted in this research is the use of a "sub modeling" strategy which models the details of the crack region. In Figure 17 is presented the use of the "sub modeling" methodology in generating a cracked mesh from a user-supplied intact component. The method works by replacing one or more elements in the uncracked mesh by "crack-blocks" that contain sections of 1) Wall-through or rectangular shape (Figure 18 ). crack front. The initial crack is placed within the copper plating base and its position is equidistant (0.25 m) from the nickel and polysilicon layer. The initial crack dimensions are 0.1 m and 0.05 m which represent optimal values and avoid too severe mesh distortion.
2) Quarter-circle shape (Figure 19) . Numerical analyses have shown that the cracks have a tendency to evolve toward the Cu/Ni interface as displayed in Figures 18 and 19 instead to follow a path parallel to the interfaces (Mode-I).
Crack Growth Results
The overall effect of the temperature changes is to introduce mixed-mode loading conditions within the multilayered structure. In Figure 20 , in which a detail of the sub-domain (deformed shape) is shown, it is clearly evident the in-plane shear (Mode-II) due to the thermal expansion in the metal layers (copper and nickel) play a non negligible role in the crack growth.
A number of factors which may influence the crack propagation in thin film have been examined in these investigations, namely: -Initial crack shape.
-Loading conditions. -Cryogenic temperature. The Mode-I loading condition is caused by the thermal expansion in the z-direction (only thermal cycling). The Mode-I loading condition was also applied either by combining thermal cycling with axial displacement or the thermal cycling with bending displacement. The Mode-II loading condition must be attributed to thermal expansion in the x-direction. To understand the effect of different loading conditions on crack propagation, the tem-
Effect of Initial Crack Shape and Loading Conditions
Two different crack shapes have been evaluated to study their effects on the crack direction.
The following crack shapes has been considered in this study: poral evolution of the nodes positioned on the crack front was monitored with a particular attention to the nodes placed on the boundaries of the crack blocks (Figures 21  and 22) . The overall results of various combinations of loading conditions for a displacement of 0.0033 m and G c = 2.61 J/m 2 are summarised in Tables 4 and 5 . The displacements on the z-direction 0.1 m magnitude lead to the severe immediate structural collapse of the thin copper plating base. If G c is 0.4 J/m 2 , i.e. the minimum value found in [20] , the structural failure of the copper plating base is detected even during thermal cycling. Figure 21 shows the values of the energy release rate during thermal cycling. Because of the thin film structure different kind of "crack blocks", available in Zencrack, have been used for mesh sensitivity studies. Very coarse meshes give, in general, misleading results. In fact the crack blocks used in this study are "tied" to the rest of mesh [19] and high differences in the mesh density will lead to erroneous stress fields within the crack blocks. More significant in the numerical results was the enhancement of the software Zencrack. New algorithms have allowed the possibility to obtain a more accurate evaluation of fracture mechanics parameters (e.g. energy A. R. MALIGNO ET AL. 72 release rate) in particularly difficult geometries such as thin film structures. The new data are shown in Figures  21(a) and (b) . From Tables 4 and 5 it can be noted that under thermal cycling, the multilayered structure of the MEMS switches are unlikely to develop severe initial damage (e.g. delamination) attributable to the crack growth, driven by the high stress gradient, within the anchor layer of copper. Nevertheless, the application of a coupled thermo-mechanical loads implies the drastic increase of the critical energy release rate at the initial conditions (i.e. initial crack 0.1 m). The lowest calculated increase (coupled thermal/axial cycling) of the energy release rate is 300% higher than the G c evaluated during the thermal cycling loading. Furthermore, the stress intensity factors K I and K II , which are related to Mode-I loading and Mode-II loading respectively, are of the same order of magnitude. In the coupled thermal/displacement loading (Figure 23) , the stress intensity factor K I is circa 70% higher than the K I achieved during the thermal cycling as displayed in Figure 24 .
Hence, Mode-I loading becomes more influent with respect to Mode-II loading and, the overall result of an increasing K I (and consequently the relative energy release rate G I ) is to reduce partially the effect of the mixed mode loading. This effect is highlighted in Figure 25 in which the crack paths of different loading conditions are depicted. The effect of an increasing Mode-I loading is represented by the tendency of the crack path to reduce its slope toward the Cu/Ni interface and to develop parallel (pure Mode-I) to the copper layer interfaces. It is worthwhile to notice that the K II value is not influenced by the application of different loading conditions and its magnitude remains in general at the same level.
In Figures 26 and 27 , the trend of the energy release rates related to the crack path of the loading conditions described in Figure 25 are shown. It is worthwhile to notice the particular behaviour of G for the coupled thermal/bending cycling. The applied bending displacement tends to reduce the stress field around the crack tip if the crack shape is rectangular. This particular effect is not present in circular crack shapes in which much higher values are present. The energy release rate, in the rectangular crack shape case, remains constantly low and allows a crack propagation of circa 70% of the initial value 0.1 m. Unlike the rectangular crack shape case, the quarter circle shape ( Table 5) does not allow any crack evolution and leads to the drastic failure (e.g. stress-gradient originated delamination) of the copper plating base.
Effect of Cryogenic Temperature
A critical parameter to consider in the design of MEMS switches are the effect temperature dependant material properties which have been, till now, investigated for a range above 0˚C. Nevertheless, especially in aerospace and defence applications it is necessary to examine the effect of cryogenic temperatures. Therefore, the effect of thermal cycling from -55˚C to 150˚C (according to the mission profiles recommended by the Polynoe Programme) was investigated. The FE simulations show the crucial detrimental effect of cryogenic temperature on the crack propagation (Figure 28 ) in coupled thermal/ displacement cyclic loading conditions whilst, in the thermal cycling case the energy release rate still remains confined to safe values as long as the G c is greater than 0.825 J/m 2 ( Figure 28 ) which represents the initial value of detected during thermal (cryogenic) cycling. Also, it can be noticed that the cryogenic thermal cycling tends to lower the initial value of the energy release rate. In fact, the minimum value evaluated during thermal cycling from 0˚C to 150˚C is circa 0.9 J/m 2 ( Figure 28 ). This drastic delamination is also being investigated experimentally. Preliminary accelerated tests have been performed in order to estimate the maximum range of temperature variations to use without cause catastrophic damage (e.g. delamination). For the preliminary accelerated tests a thermal shock approach was adopted. The temperature ranges from 200˚C to -55˚C. The dwelling time at 200˚C and -55˚C is one hour while, the transition time from 200˚C to -55˚C is less than one minute. The initial temperature of 200˚C was chosen to simulate the effects of the packaging temperature. The surface morphology of the DC MEMS presented in Figure 1 was been examined before and after the thermal cycling. Experimental results show that drastic thermal variations causes severe distortions, e.g. in the suspended beam, after just few cycles (less than five cycles). Also delamination is very likely to occur as high displacements in the z-direction (Figure 29) were measured in proximity of the anchorage between beams and substrate.
Although more detailed experimental tests are necessary to fully understand the MEMS behaviour under temperature variation, the experimental tests confirms, in general, the numerical results. In fact, the drastic change of temperature implies rigorous displacements of the suspended beams along the z-direction (Mode-I) and x-direction (Mode-II) which leads to the damage onset such as crack initiation and, to the following catastrophic propagation as simulated in the delamination mechanics studies.
Conclusion
A FEM study has been performed on multilayered MEMS structures to evaluate the reliability of these components under different loading conditions and in particular, thermal fatigue. This study is based on a subdomain approach, therefore, only a tiny region of MEMS switch, under various loading conditions, is considered. The numerical simulations have shown that the most vulnerable area of multilayered MEMS switches is represented by the copper plating base. Strong stress gradients arises within the copper film due to the different material behaviour between the Cu/Polysilicon interface and Cu/Ni interface The life estimation of copper layer is also influenced by the presence of residual stresses. More refined fracture mechanics compared to the preliminary studies [7] have demonstrated that the drastic failure of the copper plating base may occur during thermal variation and it can cause the malfunctions of the DC MEMS switches during the operational service. In these new fracture mechanics studies a more refined mesh density in the proximity of the initial flaws has been adopted and, more importantly, the Zencrack code has been enhanced to give more accuracy in particularly "squeezed" geometries such as thin film layers. The results show that the applied thermal variation implies higher values of the energy release rate G than previously evaluated [7] . The application of cryogenic thermal cycling is, in general, slightly beneficial in terms of the reduction of the energy release rate both for rectangular and the 1/4 circular crack shape and in coupled (thermal and bending moment) loads with 1/4 circular crack shape. Cryogenic temperatures lead to detrimental results in all the other case in which coupled thermo-mechanical loading conditions are applied and in particular when thermal and bending moment are applied to a rectangular crack. Moreover, the displacements applied at cryogenic temperature are very likely to lead to instantaneous failures of the internal MEMS structure and faults of the switches. Further experimental tests have been planned to understand the multilayered structure behavior under particularly harsh loading conditions (e.g. thermal cycling involving cryogenic temperatures) and to evaluate as accurately as possible the critical energy release rate G c and the necessary parameters to carry out damage tolerance studies. Finally, the comparison of different methods and criteria for the determination of crack growth parameters is also under evaluation.
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